Aims: the present study was designed to test the hypothesis according to which rootstock effects on scion growth and yield are related to fundamental physiological traits which are expressed consistently and independently of environmental conditions.
INTRODUCTION
Viticulture is currently facing several changes, including environmental and economic ones. Adaptations of cultural practices to these changes must be made in a sustainable way in order to protect the environment, human working conditions and economical health of the property. Rootstocks represent one of the most effective long-term uses of a biological control mechanism for an agricultural pest. Moreover they participate to environmental condition adaptation and may contribute, to some extent, to the control of vine vigour and yield.
Assuming that 100 % of vines are grafted in Europe and an average of 70 % for the rest of the world, it can be estimated that 80 to 85 % of the world vineyards are using rootstocks (SMITH, 2004) .
In France, 30 rootstocks are allowed for plantation in any vineyard. Some of them have been used for a long time. Their general characteristics are well described (CORDEAU, 1998) . SO4 (Vitis berlandieri x Vitis riparia) is the most common. Vines grafted onto this rootstock are characterized by medium to high vigour and yield. Vitis riparia cv « Gloire de Montpellier » (RGM) is restricted to few premium quality vineyards where water supply is not a limiting factor. This rootstock is considered to induce low vigour and moderate yield.
Even if rootstocks are widely used in viticulture and for fruit tree production, the underlying mechanisms which control plant size and scion-rootstock interactions are poorly understood (JENSEN et al., 2003; OLLAT et al., 2003) . Many trials have provided contradictory information, leading to the conclusion that rootstock effects are largely unpredictable, because they results from too many interactions.
The term vigour is widely used in viticulture to describe the vegetative growth of the vine, and the term conferred vigour commonly characterizes the potential effect of rootstock varieties on the growth of the scion (SMITH, 2004) . Yield is often positively correlated to vine vigour, because shoot number and fertility increase with vigour (HUGLIN, 1958) . The vigour of the vines has trophic and genetic components. According to RIVES (1971) , the genetic component of vigour for a specific scion/rootstock combination is the result of the own vigour of the scion, the effect of rootstock named conferred vigour and the affinity which results from the interaction between the two specific genotypes. So far, the genetic basis of conferred vigour and affinity remain unknown.
The rootstock ensures water and mineral uptake from the soil while the scion provides carbon assimilates to the underground parts. Nitrogen and water supply are the first determinants of plant growth (KELLER, 2005) . Nitrogen uptake is considered to be mainly controlled by aerial part demand and growth (ALLEWELDT and MERKT, 1993) . Nevertheless, there is evidence that rootstock affects nitrogen metabolism in roots and leaves (ZERIHUN and TREEBY, 2002) . Drought tolerance of the vine is controlled by the rootstock (FREGONI et al., 1978; CARBONNEAU, 1985) . Differences in hydraulic conductivity (PETERLUNGER, 1990; DE HERRALDE et al., 2006) or abscissic acid production (SCIENZA, 1983; SOAR et al., 2006) have been suggested to explain rootstock abilities to face water limitation. Root growth, distribution and structure are also major parameters (SOAR et al., 2006) . Several authors consider that the genetic component linked to rootstock effect is low, especially under fertile conditions (CHAMPAGNOL, 1984; SOUTHEY, 1992) . This would imply that the rootstock effect on scion growth is related only to the ability to take up nutrients and water, especially when those are limiting, i.e. to adaptation mechanisms, rather than to any specific physiological trait (SMITH, 2004) . Therefore, before initiating any rootstock breeding program, it is necessary to determine the meaning of the genetic component of conferred vigour and yield.
The aim of the present study was to test the hypothesis according to which rootstock effects on scion growth and yield are related to fundamental physiological traits which are expressed consistently and independently of environmental conditions. Four rootstock/scion combinations were studied under different regimes of nitrogen and water supply.
MATERIALS AND METHODS

-Location, vine material and experimental set up
Rootstock x fertilisation experiment: This experimental vineyard was located in a gravely soil from Pessac Leognan Appellation in the Bordeaux area (Domaine INRA de Couhins, France). The soil was characterized by a very low fertility (table 1). It has been planted in 1980 with Cabernet-Sauvignon (clone 341) grafted onto SO4 (unknown clone number) or RGM (unknown clone number). The planting density was 5,050 vines/ha (1.1 m x 1.8 m). Trunk height was 0.4 m, shoots were vertically positioned and trimmed 1.5 m above the ground. The vines were pruned as double short canes (31 000 buds per/ha). The control vines were fertilised yearly with 30 kg N/ha, whereas the treated vines were supplied with 70 kg N/ha. In 1995, each row was sown with Festuca rubra. Each treatment was applied on 10 vines growing on two consecutive rows. Starting from the third year after plantation, each vine was double cane pruned with 40 000 buds/ha for CS and 30 000 buds/ha for MN. For each vine, the number of buds was distributed according to pruning wood weight of the previous season, using appropriate pruning scales (RIVES, 1972;  figure 1 ).
After two years of plantation, considering the soil analyses and pruning wood weight recorded in 2000 and 2001, the plot was divided into two « soil fertility » parts (Table 1) . A split-plot design was then used to vary the fertility of the soil (main-plot) and rootstock and scion varieties (sub-plots). The treatments were control (F0: no fertilisation, no irrigation) or high fertility (F100). The F0 and F100 treatments were located in the sub-plots were the soil fertility was already considered lower and higher respectively. The F100 treatment consisted in 100 kg N/ha/year (ammonium nitrate) at bud burst and irrigation from flowering to veraison (60 % ETP). Irrigation was supplied weekly. Within the main plots for soil fertility treatment, scion varieties were distributed between rows and rootstock sub-plots were randomised for each scion variety. This experimental design resulted in 4 blocks of 5 vines per scion x rootstock x fertility combination.
Data collections
For each experiment, pruning wood weight per vine and yield components, i.e. number of clusters per vine and yield per vine, were determined. In the scion x rootstock x fertility treatment, the pruning wood weight N content in petiole was determined at veraison in 2002 , 2004 according to DELAS (2000 . Fourty petioles were pooled for each combination. The analyses were performed by LCA 33 laboratory (Blanquefort, Gironde, France).
Statistical analysis
For experiment 1, data analysis was performed using MANOVA procedures of Statistica 7.0 (Statsoft). The studied parameters were rootstock and nitrogen.
For experiment 2, petiole nitrogen content data were analysed using non parametric Kruskal-Wallis test procedure of Statistica 7.0 (Statsoft). Data analysis was performed using MANOVA procedures of Statistica 7.0 Table 1 -Main soil analytical data for the experimental plots. Soil was sampled before plantation, i.e. two years before nitrogen and irrigation application started in experiment 2. (Statsoft) independently for each scion variety and each year. The studied parameters were rootstock and soil fertility. The effect of year was not studied because the period of interest was covering the first seasons after plantation and the vines had not reached equilibrium yet. Because of the experimental design, interactions between parameters were not tested. Data of experiment 2 were also submitted to Principal Component Analysis using Statistica 7.0 (Statsoft)
RESULTS
Experiment 1: Rootstock x fertilisation experiment
The yearly variations of pruning wood weights per vine have been plotted for the four rootstock-nitrogen combinations (Figure 2a ). Over the 15 years of the experiment, rootstock effect on pruning wood weight per vine was always significant, with vines grafted to SO4 having a greater cane pruning weight than vines grafted to RGM. Applied N affected significantly pruning weight from 1985 to 1988. At these early stages of the experiment, the interaction between both parameters was never significant. Then nitrogen effect was no more significant until grass was sown. After 1995, nitrogen effect resumed. However there was a highly significant interaction between nitrogen and rootstock. The effect of nitrogen was highly significant for SO4, and not significant for RGM. For all treatments, pruning weight decreased after grass was sown. Nevertheless after 5 years, cane pruning weight reached more or less the same level than before sodding.
Over the 15 years of the experiment, yield was not recorded from 1990 to 1992. Yield per vine was characterized by large year to year variations, regardless of the rootstock (Figure 2b ). It was significantly affected by rootstock each year, excepted in 1988, 1993 and 1996. As expected, vines grafted to SO4 presented a higher yield than those grafted to RGM. Applied N affected significantly yields of vines in 1986, 1988, 1996, 1999 and 2000 . The interaction between both parameters was never significant.
Experiment 2: Scion x rootstock x nitrogen-water experiment
Nitrogen content in petiole was determined at different stages of the experiment in order to evaluate long term effects of the different studied parameters. It was significantly increased by soil fertility and nitrogen supply Grass was sown between the rows since 1994. to the vineyard, excepted in 2007. There was no significant effect of rootstock (Table 2 ).
For Merlot, cane pruning weight increased sharply during the first two years after plantation. Six years after plantation, cane pruning weight had not reached a steady state and increased more or less regularly year after year. Under high fertility conditions, cane pruning weight fluctuated according to year for the vines grafted onto RGM (Figure 3a) . Cane pruning weight was significantly affected by rootstock and fertility, each year. The effect of the studied parameters started to be significant shortly after plantation. After 2002 and the yearly application of nitrogen and water, the rootstock effect remained highly significant. The rootstock effect on cane pruning weight could be associated to a significant effect on shoot number and/or on individual shoot weight (Table 3) depending on the year.
For Cabernet-Sauvignon, cane pruning weight increased more or less regularly since plantation ( Figure 3b) . As for Merlot, it did not reach a steady state six years after plantation. Under high fertility conditions, cane pruning weight fluctuated according to year, regardless of the rootstock. Cane pruning weight was significantly affected by rootstock and fertility, excepted in 2000 and 2005 when the fertility effect was not significant. For Cabernet-Sauvignon, rootstock had a significant effect on shoot number and shoot weight (Table 4) .
In order to evaluate the depressing effect of RGM in comparison to SO4 in both environmental conditions, the ratio of pruning weight of vines grafted onto RGM to the pruning weight of vines grafted onto SO4 were calculated for each fertility treatment (Figure 4) . No significant differences could be recorded between fertility conditions. For Merlot, differences between rootstocks were set since the plantation. For Cabernet Sauvignon, the differences were larger during the first two years and decreased thereafter.
For Merlot, the yield per vine was significantly affected by rootstock, excepted in 2002 (Figure 5a ). There was a rootstock effect on cluster number per vine and/or cluster weight, but not on shoot fertility (Table 5) .
Soil fertility presented also a significant effect on yield in 2002, 2003 and 2004 . The effect was no more significant during the last two seasons. In 2005, the yield For Cabernet Sauvignon, yield per vine was significantly affected by rootstock, regardless of the season (Figure 5b ). Cluster number was significantly modified each year, whereas cluster weight was affected in 2003 and 2004 only. As for Merlot, shoot fertility was not changed by rootstock excepted during the first cropping cycle (Table 6 ).
The effect of soil fertility was significant in 2003, 2005 and 2006 . As for Merlot, the yield of the vines grafted onto SO4 was strongly depressed in 2005, but it was true for both soil fertility conditions. Principal component analysis was performed on all the recorded data (excepted mineral analysis). The first two components explained 53.5 % of the variance, with the first one explaining 43 %. Pruning wood weights were highly correlated to this axis. The second component explained only 10 % of variance. Yield components in 2006 and 2003 were correlated to this second axis. Examination of the score-plots (PC1 vs PC2) generated from PCA analysis for both genotypes showed that the first component allowed to separate rootstocks for Cabernet-Sauvignon (Figure 6b ), whereas it separated more or less soil fertility treatments for Merlot (Figure 6a ). MN/SO4 and MN/RGM were not discriminated in the low soil fertility condition.
DISCUSSION
According to CHAMPAGNOL (1984) , each vine is characterized by growth capacities related to its genetic background (scion/rootstock combination) and storage accumulation from the previous growing seasons. Each year, according to its growth capacities and environmental fertility, this potential lead to a certain amount of biomass accumulation, divided into vegetative (shoots, leaves, roots, perennial parts) and storage pools (fruits, starch storage). Pruning wood weight is a good indicator of the vegetative component, even if it is commonly reported as a vigour indicator (MAY, 1994) . Vigour itself was originally defined as the growth rate of individual shoots and may be evaluated by the vegetative pool divided F0 and F100) since the plantation.
The ratio was calculated for each block. Data presented are the mean + or -standard deviation for 4 blocs.
by the number of shoots. Bud load per vine has a limited effect on the vegetative pool, but a strong effect on shoot vigour and yield (MURISIER and ZUFFEREY, 1996; RIVES, 2000) .
As expected, vegetative and storage pools were consistently affected by the genetic and environmental parameters studied in our experiments. Pruning wood weight was significantly affected by rootstock and soil fertility treatments, explained a large percentage of variability and separated efficiently the different scion/rootstock/soil fertility level combinations. Vigour, estimated as individual shoot weight, was also affected by the treatments. Nevertheless, in experiment 1, there was no nitrogen effect on pruning wood weight from 1989 to 1994 and an interaction with rootstock after grass sowing. Each year, yield per vine was modified by rootstock in both experiments. This effect was associated with differences in cluster number per vine and on individual cluster weight. However, shoot fertility was not affected. In contrast, the effect of soil fertility on yield was fluctuating from year to year. It was significant when cluster weight was affected.
Soil fertility was increased by the application of nitrogen in experiment 1 and by a large amount of nitrogen and water in experiment 2. Our results are in agreement with many reports showing the positive impact of these two factors on grapevine vegetative growth and yield. N supply before bloom stimulates shoot growth and increases yield mainly through improved fruit set, i.e. cluster weight (CONRADIE, 2005) . Irrigation usually increases pruning weight and yield (MC CARTHY et al., 1997) . Every yield component may be affected, but berry number per cluster is the main parameter affected (MATTHEWS and ANDERSON, 1989) . The fact that the yield per vine was affected by soil fertility only when cluster weight was modified may also be explained by pruning practices (RIVES, 2000) . In our work, the use of two different pruning scales for the soil fertility treatments results in close bud loads per vine in both situations, despite the large range in pruning weight. Consequently the differences in yield are restricted to the direct effect of soil fertility on cluster size.
Water and nutrients are absorbed together and strong interactions may occur. The application of nitrogen fertilizer can increase the vine's susceptibility to drought, because nitrogen favors shoot growth over root growth (KELLER, 2005) . Then water limitation rather than nitrogen limitation may explain a lack of effect of nitrogen. This could be the reason why, in experiment 1, pruning Rootstocks are known to influence vegetative and reproductive growth. The effects of rootstocks reported here are in full agreement with the well known behaviour for RGM and SO4 (PONGRACZ, 1983; DELAS et al., 1991; DELAS, 1992) . RGM is considered to induce low vine vigour and productivity, SO4 to induce moderate to high vigour, mainly during the first 10 years after plantation. Moreover in our study, the differences induced by the rootstocks SO4 and RGM on growth and yield of CS and MN were not affected by nitrogen and water supplies. In comparison to SO4, the devigorating effect of RGM was the same in both soil fertility conditions. The interaction between rootstock and nitrogen supply was significant when grass was present only, SO4 responding more to nitrogen than RGM.
It has been commonly reported that rootstock effects on scion growth are more apparent in poor than in deep fertile soils (CHAMPAGNOL, 1984; DELAS, 1992; SOUTHEY, 1992) . Our results show that this is not true for the rootstocks SO4 and RGM, considering nitrogen and water as two important parameters for soil fertility. It implies that rootstock/scion interactions are governed by specific physiological traits, although adaptation to environmental conditions may also be important. SMITH (2004) drew the same conclusion for the rootstock Ramsey. In fruit trees, hydraulic architecture was demonstrated to play a key role in rootstock vigour control (ATKINSON et al., 2003; SOLARI and DEJONG, 2006; CLEARWATER et al., 2007) . However, the limiting step is not clearly identified (COHEN et al., 2007) .
Our results are also in agreement with many previous works dealing with nitrogen application on different rootstock / scion combinations (WOLF and POOL, 1988; DELAS et al., 1991; CANDOLFI-VASCONCELOS et al., 1996; KELLER et al., 2001; ZERIHUN and TREEBY, 2002) . In most cases, for a large range of rootstocks and different levels of nitrogen application, accumulation of whole plant biomass was highly responsive to N supply and interactions with rootstocks were rare. CANDOLFI-VASCONCELOS et al. (1996) and KELLER et al. (2001) pointed out SO4, because this rootstock induced the strongest reaction to soil N in their experiments. On the contrary, water supply seems to affect variously different scion/rootstock combinations. Interaction between rootstock and water treatment have been reported for pruning weights (SMITH, 2004; TOUMI et al., 2007) and yield (MC CARTHY et al., 1997) . Our work did not permit to observe such interactions with water supply.
According to RIVES (1971) , the genetic component of vigour is the result of three components: the own vigour of the scion, the effect of rootstock named conferred vigour and the affinity which results from the interaction between the two specific genotypes. In the present work, CabernetSauvignon and Merlot did not respond exactly in the same way to rootstock and soil fertility. Considering the studied parameters (vegetative and reproductive development) al together with multivariate analysis, the rootstock effect appears clearly for Cabernet Sauvignon in any soil fertility conditions. For Merlot, the same parameters discriminate more clearly the soil fertility levels than the rootstocks. It may mean that, for Cabernet-Sauvignon, total biomass accumulation is strongly impacted by rootstock. BARBEAU et al. (2006) reported also differential effects of the same rootstocks for the scion varieties Chenin and Cabernet franc. It has been previously observed that Cabernet Sauvignon and Merlot noir grafted on the same rootstock did not respond in the same way to three different water supplies, with regard to vegetative versus reproductive growth (TANDONNET et al., 1999) . The present work can not conclude whether the different behaviours are related to the scion by itself or to the affinity between scions and rootstocks. Nevertheless, these interactions can not be neglected when rootstock effects are considered in relation with environmental fertility (LEFORT and LÉGLISE, 1977) .
CONCLUSION
Our results provide evidence that, although soil fertility is a major parameter for vine vigour and productivity, the rootstock effect on vine growth and production is maintained for RGM and SO4 under high soil fertility conditions. These effects are probably related to fundamental physiological traits which are expressed consistently and independently of environmental conditions. Interactions with scion have to be taken into account. Indeed Cabernet-Sauvignon and Merlot appear to interact differently with these two rootstocks. The present results are very important for the investigations about rootstock-scion interactions and before initiating a rootstock breeding program for such traits. According to these results, new rootstocks could be evaluated for this kind of properties on young vines growing in fertile soils. A responsive scion variety, as Cabernet Sauvignon should be preferred. Nevertheless, the specific rootstock effect may be not so strong for all rootstocks, explaining why more complex interactions with environmental parameters are observed under some circumstances. Other nutrients could also be more important than nitrogen and further studies should be undertaken in that direction.
